Introduction {#Sec1}
============

Hearing relies on faithful synaptic transmission at the ribbon synapse of auditory hair cells. Figure [1](#Fig1){ref-type="fig"} shows an electron micrograph of a typical hair cell ribbon synapse. The synapse is characterized by the presence of a large presynaptic organelle, the synaptic ribbon or dense body, that tethers synaptic vesicles and is itself anchored to the active zone. The performance of this synapse is remarkable in several aspects. Figure 1Hair cell ribbon synapse. Electron micrograph of an inner hair cell afferent synapse of an 8-week-old mouse. The ribbon (*rib*) is anchored to the presynaptic plasma membrane and faces the postsynaptic density (*PSD*) of the auditory nerve fibers. The *arrowhead* and the *star* indicate a ribbon-associated synaptic vesicle and a free cytoplasmic coated vesicle, respectively.

P[HASIC]{.smallcaps}R[ELEASE]{.smallcaps}P[ROPERTIES]{.smallcaps} {#Sec2}
-----------------------------------------------------------------

The synapse's precision to code the temporal fine structure of acoustic stimuli is unparalleled. For example, our capacity to locate sound sources in space depends on interaural time differences in the arrival of sound of only tens to hundreds of microseconds. Unlike a conventional synapse that is driven by action potentials, the hair cell afferent synapse responds to graded changes in membrane potential. While the action potential results in a strong all-or-none stimulus-secretion coupling, the hair cell afferent synapse is faced with the challenge of encoding sounds of extremely different intensities and, hence, must rely on mechanisms that allow for variable stimulus-secretion coupling. At the same time, the hair cell afferent synapse must also maintain temporal fidelity. For example, the firing of an auditory nerve fiber can follow at a constant phase relationship the periodicity of tonal stimuli into the low kHz range of frequencies, and we infer that the hair cell neurotransmitter release must comply with this extraordinary timing. Such temporal precision in synaptic transmission is even observed with sub-threshold stimuli, where the temporal pattern of spike firing regularizes already before there is an overall increase in the discharge rate.

T[ONIC]{.smallcaps}R[ELEASE]{.smallcaps}P[ROPERTIES]{.smallcaps} {#Sec3}
----------------------------------------------------------------

As we all can tell from our own experience, the cochlear hair cell afferent synapse must be able to encode prolonged, ever-present sounds. For example, despite adaptation, the constant background noise of the room's air handling system is faithfully reported by the peripheral auditory system. To meet this requirement of audition, sustained neurotransmitter release must be maintained and implicates the need for extensive synaptic vesicle cycling (both, vesicle exo- and endocytosis). The hair cell afferent synapse's capacity for sustained signal has often been attributed to the presence of the synaptic ribbon, and apparent depot of synaptic vesicles. However, recent morphological and physiological studies suggest additional/different roles for the hair cell synaptic ribbon, and have fuelled the structure-function debate at the ribbon synapse.

Molecular Anatomy and Physiology of the Hair Cell Synapse {#Sec4}
=========================================================

We are still far from a comprehensive understanding of the molecular composition of the presynaptic active zone and the postsynaptic density of the hair cell afferent synapse. Homologies between retinal and inner ear sensory ribbon-type active zones are evident ([@CR66]). Given the larger number of receptor cells in the retina (millions of photoreceptors vs. thousands of coding hair cells) and relative accessibility of the visual end organ, a more advanced molecular description is available presently for retinal ribbon synapses (e.g., [@CR80]) and promises to guide our understanding of auditory and vestibular ribbon synapses. For example, ribbons in both organs contain RIBEYE ([@CR68]; [@CR90]; [@CR38]), Bassoon and Piccolo ([@CR38]; [@CR80]). RIBEYE is thought to be a structural component of the ribbon but may also have enzymatic activity at the synapse ([@CR68]). The photoreceptor ribbon also contains the close RIBEYE homologue and transcriptional co-repressor C-terminal binding protein 1 ([@CR80]). A putative role for this enzyme's lysophosphatidic acid acyl-CoA transferase activity in membrane fission has been proposed ([@CR83], but *see* for an opposing view [@CR26]). Some hint for a ribbon function in membrane fission may be seen in the accumulation of cisternal membrane profiles in ribbon-deficient inner hair cells (IHCs) ([@CR38]). However, any hypothesized enzymatic role for this ribbon constituent in synaptic transmission will require further investigation.

Bassoon, like Piccolo, is a large cytomatrix molecule found at the active zone, and most likely contributes to the anchoring of the ribbon at the active zone ([@CR12]; [@CR13]; [@CR38]). Deletion of a major part of the Bassoon gene ([@CR1]) results in the lack of synapse-anchored ribbons at most active zones of mouse IHCs. Moreover, the amplitude of a readily releasable pool of IHC synaptic vesicles is decreased, and both synchronous afferent synaptic transmission and hearing are impaired ([@CR38]). In addition, a minor reduction in the IHC Ca^2+^ current is observed, potentially reflecting impaired insertion of Ca^2+^ channels at the active zone due to the Bassoon and/or ribbon deficiency. Although less severe than the complete synaptic dysfunction resulting from the lack of Ca~V~1.3 channels ([@CR7]), the loss of ribbons causes a synaptopathic hearing impairment with the previously described audiological signature of an auditory neuropathy (preserved cochlear amplification but impaired auditory evoked potentials). Interestingly, hearing was found intact in a Piccolo mutant (Sendin and Moser, *unpublished data*), but some immumoactivity was observed in the Synapses of the mutants. Perhaps the failure of the Piccolo mutation to impair hearing reflects a sufficient abundance of residual functional Piccolo protein in the mutant mouse or the action of some unknown compensatory mechanism.

Hair cells express the SNARE proteins syntaxin 1, SNAP-25 and synaptobrevin 1 ([@CR66]). These proteins are thought to build the key exocytic machinery, as their cleavage by clostridial neurotoxins shuts off exocytosis in other systems (e.g., [@CR88]; [@CR67]). The effects of clostridial neurotoxin action on hair cell afferent synaptic transmission remain to be investigated. Hair cell afferent synapses, like photoreceptor synapses, lack synapsins ([@CR19]; [@CR66]), a class of proteins that are involved in synaptic vesicle mobilization. Moreover, synaptotagmins 1 and 2, which are considered the calcium sensors of vesicle fusion in the central nervous system and neuroendocrine cells ([@CR78]), have not been observed in hair cells ([@CR66]). Genetic ablation of Synaptotagmin 7 in mice, which is expressed in IHCs ([@CR66]) and involved in exocytosis of hippocampal neurons ([@CR84]), did not result in a hearing impairment (Nouvian and Moser, *unpublished data*). Thus, taken together, these findings suggest that either other synaptotagmin isoforms or other proteins altogether may act as the calcium sensor at the hair cell afferent synapse.

Despite some homologies, IHC ribbon synapses differ molecularly from retinal ribbon synapses. Most prominently, IHC transmitter release and sound coding are controlled by Ca~V~1.3 Ca^2+^ channels ([@CR58]; [@CR7]; [@CR6]), while visual signalling relies on stimulus-secretion coupling by retinal Ca~V~1.4 channels ([@CR2]; [@CR77]; [@CR48]). Some vestibular hair cells, in addition, may involve non-[L]{.smallcaps}-type Ca^2+^ channels ([@CR63]). Evidence obtained by various techniques in various species all suggests that Ca~V~1.3 channels cluster at the ribbon-type active zones of the hair cell. These include loose-patch recordings ([@CR62]), cell-attached recordings ([@CR63]), Ca^2+^ imaging (e.g., [@CR36]; [@CR81]; [@CR90]) and immunohistochemistry ([@CR72]; [@CR6]). Estimates of the total number of Ca^2+^ channels per active zone have been obtained in frog saccular hair cells (∼90 channels, [@CR62]; but *see also*[@CR63]) and mouse cochlear IHCs (∼80, [@CR6]) by ensemble fluctuation analysis. This similarity in channel number is unexpected given the size differences between the active zones of the two species (*see* below and Table [1](#Tab1){ref-type="table"}) and highlights how much more we have to learn about this intriguing synapse. Table 1Size and kinetics of release components related to the synaptic ribbon and to morphological vessel pools associated from different species![](232_2005_854_t1.gif){#N0x1c3a300N0x2cc6450}

Classical work by Robert's and Fettiplace's groups on intracellular calcium dynamics at the plasmalemma face of hair cells advocated the view that calcium domains were micromolar in concentration and micrometer in dimension. This work was based largely on computational models and studies of calcium-activated potassium channel gating, but was assumed to be also applicable to hair cell afferent synapse exocytosis. However, more recent experiments on the stimulus-secretion coupling in mouse IHCs suggested that exocytic fusion of a given readily releasable vesicle is controlled only by few nearby Ca^2+^ channels ([@CR6]). These authors argued that such a "nanodomain" control would support the temporal precision of coding also for weak sounds. Additional experiments using complimentary techniques are needed to further test this provocative hypothesis.

Rim binding protein, interacting with the active zone protein RIM and the Ca~V~1.3 channel, is currently the best characterized candidate for a molecular link of channel and release site of a given vesicle ([@CR34]). However, functional evidence is still lacking and it remains possible that other proteins, e.g., scaffolding proteins of the cytomatrix of active zones like Bassoon or Piccolo, contribute. It is also possible that the synaptic ribbon itself is responsible for positioning of the Ca~V~1.3 channel and readily releasable vesicles ([@CR38]). Clearly, molecular work, physiological analysis of mutants and particular immunoelectronmicroscopy are required to characterize the molecular interactions and the ultrastructural topography at the active zone. Figure [2](#Fig2){ref-type="fig"} illustrates the subcellular localization of a few synaptic proteins. Figure 2Molecular composition of the hair cell synapse. (*A*) Montage of a Nomarski image (note the hair cell bundles) and a confocal reconstruction of the mouse organ of Corti with immunolabeled ribbons (stained for RIBEYE/CtBP2, *red*) and postsynaptic transmitter receptor clusters (GluR2/3 glutamate receptor subtypes, *green*). Presumptive hair cell border (*white*) and postsynaptic fibers (*orange*) contacting an IHC were drawn illustration. (*B*) Previously identified molecular determinants of the hair cell ribbon synapse. ^*1*^[@CR66]; ^*2*^[@CR22]; ^*3*^[@CR18]; ^*4*^[@CR69]; ^*5*^[@CR38]; ^*6*^[@CR58]; ^*7*^[@CR7]; ^*8*^[@CR6]; ^*9*^[@CR50]; ^*10*^[@CR17].

Besides a molecular coupling, other mechanisms contribute to localized Ca^2+^ signalling. The presence of the mobile, proteinaceous Ca^2+^ buffers calretinin, calbindin and parvalbumin has now been documented in a variety of cochlear and vestibular hair cells (e.g., [@CR14]; [@CR33]; [@CR29]). Their relevance for presynaptic Ca^2+^ signalling has been inferred from recordings of Ca^2+^-activated large-conductance K^+^ channels ([@CR20]; [@CR60]; [@CR82]; [@CR14]), simulations ([@CR61]) and capacitance measurements ([@CR53]; [@CR76]). Most likely they spatiotemporally restrict the presynaptic Ca^2+^ domains and, hence, improve the timing of synaptic transmission. However, discrepancies regarding both the amount and kinetic properties of buffers in different hair cells ([@CR60]; [@CR14] vs [@CR53]) suggest that our understanding of calcium buffers at the hair cell active zone synapse is far from complete. Examination of hair cells from mutant mice lacking the major proteinaceous Ca^2+^ buffers promises further insight into this important question.

In addition to synchronous synaptic transmission, the molecular machinery needs to be suited for long-lasting transmitter release. By yet unknown mechanisms Ca~V~1.3 currents in hair cells are much less inactivating than in heterologous expression systems ([@CR40]). Most likely this is due to interactions with a special combination of auxiliary subunits and proteins, such as the class of Ca^2+^ binding proteins ([@CR30]). None of these auxiliary determinants of hair cell Ca^2+^ current are known so far.

Once the neurotransmitter is released into the synaptic cleft, it activates an AMPA-like receptor residing within a receptor cluster at the postsynaptic density of afferent auditory nerve fibers. In a classical study, Ottersen and his colleagues showed the abundance of the glutamate receptor subtypes (GluR) 2, 3 and 4 by immunogold labelling ([@CR50]). Interestingly, the distribution of the glutamate receptor was not homogenous in the postsynaptic density (PSD): the receptor numbers increase at the border of the PSD. Using patch-clamp recordings from the postsynaptic endings contacting rat IHCs, [@CR27] showed that excitatory postsynaptic currents of spiral ganglion neuron afferent fibres are mediated by AMPA receptors. They failed to detect NMDA or Kainate currents. Recently, Eybalin and colleagues studied the developmental expression changes of postsynaptic glutamate receptors using western blotting, RT-PCR and immunohistochemistry ([@CR17]). They showed that GluR2 becomes expressed only around the onset of hearing, while GluR3 and 4 are present before. Little is known about the other molecular determinants of the PSD. [@CR11] report the presence of PSD-95 and PSD-93 in the PSD of auditory nerve fibres.

To avoid saturation and excitotoxicity due to an excess of glutamate in the synaptic cleft, glutamate is taken up by glutamate transporters (EAAT) into supporting cell transporters ([@CR23]; [@CR22]; [@CR59]). Interestingly, glutamate-aspartate transporters (GLA ST) are more abundant on the pillar IHC side, where high spontaneous rate fibers are located, compared to the modiolar cell side, where low spontaneous rate fibres are located ([@CR45]; [@CR22]).

Relating Structural and Functional Vesicle Populations {#Sec5}
======================================================

M[ORPHOLOGY]{.smallcaps} {#Sec6}
------------------------

### Synaptic Ribbons {#Sec7}

The active zone of the hair cell is characterized by an electron dense structure called synaptic body or ribbon. Most synaptic ribbons found in mature hair cells are anchored to the plasma membrane, one ribbon per active zone, and oppose a postsynaptic terminal. A small number of "floating" ribbons (\<5 %) are observed, and probably reflect the turnover of these subcellular organelles ([@CR91]; [@CR38]). Shape, size and number of the ribbons differ (*see* Table [1](#Tab1){ref-type="table"}) between species as well as along the tonotopic axis, during development ([@CR71]; [@CR75]; [@CR38]) and even among different active zones within a single hair cell ([@CR52]). For example, frog saccular hair cells display about 20 large, synaptic bodies irrespective of the cells' location in the end organ ([@CR62]; [@CR43], [@CR42]). Whereas in the chick cochlea, the number of synaptic bodies is constant in tall hair cells (functional homologue of the mammalian IHCs), the synaptic body diameter increases with increasing characteristic frequency ([@CR49]). Conversely, the number of ribbons varies along the tonotopic axis in many other species including turtle (plus small size differences: [@CR74]; [@CR70]), cat ([@CR46]), gerbil ([@CR73]) and guinea pig ([@CR31]).

Both the number and shape of the synaptic ribbons can also change with the onset of hearing. Mouse IHCs contain a large number (\>20 in the apical cochlea, Nemzou et al., unpublished data) of small synaptic bodies ([@CR71]; [@CR75]) before the onset of hearing. After the onset of hearing only fewer but larger ellipsoid ribbons are observed ([@CR71]; [@CR75]; [@CR21]; [@CR38]). An interesting feature described for cat IHCs is the spatial segregation of synapses with fibres of different spontaneous rates and thresholds. Thus, low-spontaneous-rate, high-threshold fibres contact the IHCs on their modiolar side, whereas high-spontaneous-rate, low-threshold fibres synapse on the pillar IHC side. EM analysis showed that the ribbon size and accordingly the number of ribbon-associated synaptic vesicles tend to increase with decreasing spontaneous rate of the contacted fibres ([@CR44]; [@CR46]; [@CR52]).

### Synaptic vesicles {#Sec8}

Ribbons tether a monolayer of synaptic vesicles at a packing density that is ∼55% of maximum by 20 nm long filaments ([@CR43]). These ribbon-associated vesicles represent only a tiny fraction of the huge number of synaptic vesicles contained in a hair cell. At least three vesicle populations can be morphologically distinguished at the hair cell ribbon synapse as illustrated by Figure [3](#Fig3){ref-type="fig"}:Docked vesicles (no discernible space between vesicle and plasma membranes)Ribbon-associated vesiclesFree cytosolic synaptic vesicles.

These vesicle populations have been quantified for hair cells of various species (Table [1](#Tab1){ref-type="table"}). A variety of approaches have been used to assess the vesicle populations and accordingly, varying degrees of certainty surround these vesicle counts. The different approaches have included: precise three-dimensional EM counts based on few synapses (EM tomography: Fig [3](#Fig3){ref-type="fig"}, [@CR43]; [@CR42]; reconstructions based on ultrathin serial sections: [@CR70]); extrapolations from random ultrathin EM sections of tens of synapses ([@CR38]) and approximations based on ribbon surface areas and vesicle packing density estimates ([@CR76]; [@CR38]: more than 200 ribbons analyzed). Figure 3Morphology of synaptic ribbons. (*a*, *b* and *c*) Electron micrographs of inner hair cell ribbon synapses of 8-week-old mouse. Ribbons are attached to the plasma membrane and surrounded by a monolayer of synaptic vesicles. Colored dots in (*b*) illustrate the morphologically defined classes of synaptic vesicles: *red dots* indicate the docked vesicle associated with the ribbon; *yellow* marks ribbon- associated SV which are not docked and *green* indicates outlying cytoplasmic vesicles. (*d*) Slice through an osmium-stained frog saccular hair cell synapse, reconstructed by electron tomography. Note the round shape of the synaptic body in contrast to the elipsoid one of the mouse. (*e*) Three-dimensional structure of presynaptic organelles from the same reconstruction shown in (*d*). The synaptic body (*blue*) is open and lies adjacent to the hair cell's plasma membrane in *red*. Synaptic body-associated vesicles (*yellow*) surround the SB; outlying vesicles (*green*) lie further out in the cytoplasm. Also visible are coated vesicles (*gold*) and cisterns (*purple*).

Docked vesicles at a conventional synapse are viewed as a homogeneous anatomical pool. However, at the hair cell ribbon synapse docked vesicles are found in a variety of anatomical states; this includes underneath the ribbon (docked and ribbon-associated), at the active zone without contact to the ribbon, and outside the active zone. [@CR43] termed these last two classes of docked vesicles as "outlying". The functional implications of the different classes of docked vesicles are poorly understood. Obviously, proximity to a calcium channel increases the likelihood that a docked vesicle is of functional significance. Accordingly, [@CR43] attempted to correlate the positions of docked vesicles and Ca^2+^ channels at the active zone. While the "outlying" vesicles are substantial in number, they are located further from the presumed calcium channel containing presynaptic densities than are other docked vesicles. "Outliers" has been alternatively used in evanescent wave microscopic studies ([@CR92]) to describe the "docking" and fusion of synaptic vesicles outside of functionally defined active zones.

P[HYSIOLOGY]{.smallcaps} {#Sec9}
------------------------

One fruitful way to investigate the compact afferent presynaptic terminal of the inner ear is to monitor exocytic fusion and endocytic retrieval of synaptic vesicle membrane as changes of the membrane capacitance (*C*~m~) using the patch-clamp technique (for review *see*[@CR54]). During the fusion of the synaptic vesicle to the plasma membrane the cell surface and consequently *C*~m~ increase. This then is usually followed by slower fission accompanying *C*~m~ decrease. This technique has become increasingly popular to study the presynaptic function of hair cells in various species (Table [1](#Tab1){ref-type="table"}). Upon depolarization, calcium influx, mainly through Ca~V~1.3 L-type Ca^2+^ channels, triggers exocytosis of readily releasable synaptic vesicles. Depending on the stimulus intensity and duration, the resulting *C*~m~ increase may report exocytosis occurring at all active zones as well as the fusion of synaptic vesicles outside of active zones or even the fusion of non-synaptic membrane organelles ([@CR10]). This lack of specificity associated with capacitance measurements can complicate its interpretation.

At least two kinetic components of exocytosis are commonly discriminated in the recordings of hair cell membrane capacitance following stimuli thought to trigger exocytosis. Such findings from a variety of species are also summarized in Table [1](#Tab1){ref-type="table"}.

The first kinetic component of these membrane capacitance increases mediates exocytosis at extremely high rates but saturates within a few milliseconds. Hence, it is generally agreed that this component represents exocytosis of a small, finite pool of vesicles. Because it is the fastest discernible and exhaustible component of exocytosis several authors denominated it the readily releasable vesicle pool (RRP, [@CR53]; [@CR76]; [@CR64]) following the classical terminology of functional vesicle pools ([@CR47]; [@CR5]; [@CR16]). Three major findings indicate that the first kinetic component is, indeed, involved in synaptic sound-coding by hair cells:Correlation between the RRP size and the number of afferent synapses made by a hair cell as it varies along the tonotopic axis of the cochlea ([@CR70]).Correlation between the RRP size and the number of synapse-anchored ribbons ([@CR38]).Correlation between the RRP size and the amplitude of the spiral ganglion compound action potential (reflecting synchronous activation of spiral ganglion neurons) ([@CR38]).

Several other lines of evidence support the notion that the first kinetic component of exocytosis represents a synaptic relative pool of vesicles. Resistance of the readily releasable pool to inhibition by exogenous slow calcium buffers infers a co-localization of this functional pool with Ca^2+^ channels ([@CR53]; [@CR76]). Calcium channels are widely believed to be concentrated at hair cell active zones (e.g., [@CR62]; [@CR36]; [@CR81]; [@CR90]; [@CR72]; [@CR6]). Nanodomain control of synaptic vesicle exocytosis ([@CR6]) requires an intimate spatial relationship between the readily releasable pool and calcium channels. There is also good correspondence between the quantal content predicted by measurement of action potential-driven exocytic *C*~m~ changes in immature IHCs ([@CR3]; [@CR37]) and direct measures of postsynaptic currents from the afferent fiber ([@CR27]). Finally, additional supportive evidence comes from comparison of the timing of peripheral auditory adaptation and the kinetics of RRP depletion and recovery.

Adaptation is a common property of sensory systems. It reduces encoding redundancy by decreasing the sensitivity to constant stimulation, is proposed to optimize a sensory system's operating range ([@CR41]) and maximize its information transfer ([@CR9]). In the peripheral auditory system, adaptation is likely localized to the cochlear hair cell afferent synapse because hair cell receptor potentials do not adapt to maintained acoustic stimulation ([@CR35]; [@CR65]). Previous work ([@CR24]; [@CR53]) suggested that the exhaustion and replenishment of the readily releasable pool of vesicles in the hair cell contribute to a fast form of adaptation and recovery from it in the auditory nerve ([@CR87]; [@CR89]).

Parsons and colleagues ([@CR76]) employed both in vitro patch-clamp recordings of hair cell synaptic vesicle fusion and in vivo single-unit recording of cochlear nerve activity at the same synapse to further examine this hypothesis and probe the possible auditory significance of the hair cell ribbon synapse structure-function relationship. Similar to other hair cell preparations, exocytosis of the chick cochlear tall cell's readily releasable pool is fast, saturating in \< 50 ms, and its recovery is also rapid, regaining 95% of its initial amplitude following a 200 ms period of repolarization. Interestingly, sound-evoked afferent synaptic activity also adapted and recovered with similar time courses as readily releasable pool exhaustion and recovery. This work supports the view that the fast exocytic component is of synaptic relevance by providing evidence that exhaustion and replenishment of the readily releasable pool mediates behaviorally relevant phenomena --- namely short-term auditory nerve adaptation and its recovery from adaptation.

In an elegant two-photon imaging study Ashmore and colleagues utilized the turnover of the membrane dye FM1-43 to track the exocytosis of synaptic vesicles at hair cell active zones. Their findings on the readily releasable pool of the adult guinea pig IHCs were similar to descriptions provided in other species by capacitance measurements. The significance of these findings is that the imaging experiments, unlike the capacitance measurements, are spatially resolved and lend credence to previous interpretations of the first exocytic component. Optically recorded exocytosis was extremely fast at the onset of a depolarization (initial rate of 3,000 vesicles per second) and saturated with a time constant of 30 ms in mature guinea pig hair cells ([@CR28]). This intial rate is comparable to the initial rate of exocytosis evoked at one ribbon synapse of mature mouse IHCs by maximal stimulation amounting to ∼6,000 vesicles per second (after *C*~m~ conversion into vesicle numbers using 28 aF/vesicle). Moreover, estimates of the time course of recovery from depletion obtained by the two methods were quite similar, too (Table [1](#Tab1){ref-type="table"}).

Both the amplitude and kinetics of the first kinetic component in mature mouse and guinea-pig hair cells were found to depend on the stimulus strength ([@CR6]; [@CR28]). This is in contrast to a study on frog saccular hair cell exocytosis where the kinetics, but not amplitude of exocytosis, varied with stimulus amplitude ([@CR15]). The reasons for this discrepancy among the different experiments are currently unclear. Moser and colleagues have suggested the Ca^2+^ nanodomain control of RRP exocytosis in mouse IHCs ([@CR6]). This hypothesis predicts that an increase in intensity of stimuli would recruit more calcium channel-release site units, presumably increasing the amplitude of the RRP without major changes of release kinetics. Classical quantal analysis at the goldfish hair cell synapse ([@CR25]) also revealed intensity-dependent increases in the number of available vesicles (as opposed to changes in the release probability). While the synaptic relevance of the first kinetic component is indisputable, clearly a detailed mechanistic understanding of it awaits further experimentation.

Our current knowledge about the further kinetic component (s) is much more limited. This is mainly due to the lack of spatial resolution of *C*~m~ recordings of exocytosis, which report fusion to the plasma membrane no matter whether it happens at the synapse or elsewhere. The slower kinetic components are typically triggered by prolonged, strong depolarizing steps (tens of ms to s in duration) and have the potential to drive calcium levels within the cell to levels that could not be achieved with more physiological time-varying, smaller-amplitude stimuli. The relative resistance of the Ca~V~1.3 calcium channel to inactivation allows for the influx of large numbers of calcium ions during prolonged depolarizations that may be sufficient to saturate cellular calcium buffers. Clearly, aphysiologic calcium gradients within the hair cell promise to further compound the limitations of membrane capacitance measurements and cloud the interpretation of secondary, slower exocytic components.

Since the first *C*~m~ measurements of hair cell exocytosis ([@CR56]), we have been astonished and puzzled by the huge amount of membrane turnover during prolonged depolarization. During the first second of depolarization thousands of vesicles are released (*see* Table [1](#Tab1){ref-type="table"}). A membrane turnover of more than one equivalent of the initial hair cell's surface has been reported for maximal stimulation over several seconds ([@CR70]). In this respect, the hair cell's exocytic capacity exceeds that of retinal photoreceptors and bipolar neurons. This difference between retinal cells and hair cells is most dramatic when examining the fast exocytosis evoked by Ca^2+^ uncaging. A uniform step increase in calcium concentration through the cell's cytoplasm triggers the exocytosis of all fusion-competent vesicles. Flash photolysis of caged calcium in the goldfish bipolar nerve terminal results in an average capacitance increase of ∼150 fF ([@CR32]), whereas a similar stimulus in the mouse IHC drives a 10-fold larger increase in membrane capacitance ([@CR4]). This discrepancy in the amount of exocytosis is even more remarkable given that a hair cell contains nearly 4 times fewer, but similar-sized and vesicle-populated synaptic ribbon active zones as the retinal bipolar terminal ([@CR86]; [@CR38]). Hence we have to either assume that the turnover at a hair cell ribbon synapse is 40 times faster than that of a bipolar neuron or to conclude that hair cells contain an extremely large pool of fusion-competent vesicles that reside outside of the active zone. Spatially-resolved exocytic measurements, such as imaging or conventional post-synaptic recordings, will be required to ascertain the contribution of the hair cell's large pool of fusigenic vesicles to synaptic relevant exocytosis.

Is it Possible at all to Relate Anatomically and Physiologically Defined Pools of Synaptic Vesicles? {#Sec10}
====================================================================================================

It would be a significant breakthrough in our understanding of the hair cell ribbon synapse if we managed to arrive at a joint anatomical and physiological definition of synaptic vesicle populations. This goal requires relating physiologically derived capacitance or fluorescence changes to anatomically defined synaptic vesicle numbers. Unfortunately, several technical issues limit the accuracy and certainty of this pursuit. Estimations of single-vesicle capacitance are required to determine the equivalent number of vesicles associated with a given *C*~m~ increase. Surface calculations based on the vesicle diameter in fixed tissue (possibly correcting for a potential shrinkage bias) and an assumption of the specific membrane capacitance (usually 10 μF/μm^2^, [@CR8]) are commonly employed. Both are prone to errors complicating this structure-function approach. The inherent problems with the fixation artefacts are highlighted by the factor of 2 discrepancy between "in vitro" single-vesicle capacitance values derived from anatomical studies (37 aF, [@CR43] and 28 aF, [@CR38]) and the more direct "in vivo" estimates obtained by electrophysiology in other systems (∼50 aF, [@CR39] and 65 aF, [@CR79]).

The physiological approach to pool definition also faces technical limitations. The rate of the first or fastest kinetic component is limited by the bandwidth and signal-to-noise ratio of the recording equipment. Much confusion in the retinal bipolar terminal literature stems from the initial definition of a readily releasable pool with a time constant of ∼100 ms ([@CR85]) prior to the subsequent discovery of a 5-fold smaller, but nearly 50-fold faster kinetic component of exocytosis ([@CR51]; [@CR55]). At the chick hair cell synapse, which features some of the smallest-numbered and -sized synaptic ribbons, the total number of docked vesicles is ∼100. Exocytosis of these vesicles would generate a capacitance increase perhaps as small as 3 fF, at or below the resolution of whole-cell capacitance measures and likely obscuring the observation of this pool that is readily measured in cells with large ribbon structures.

What Is the Anatomical Substrate of the Fast Kinetic Component in Hair Cell Exocytosis? {#Sec11}
=======================================================================================

Several caveats described above constrain our ability to answer this question. However, recognizing these limitations and uncertainties, it remains an important and interesting question underlying our understanding of the hair cell afferent synapse. The recent literature provides two alternative hypotheses: it may preferentially draw on readily releasable vesicles docked at the plasma membrane of the active zone ([@CR53]; [@CR38]; [@CR70]; [@CR64]) or involve release of all ribbon-associated vesicles ([@CR15]; [@CR76]). Table [1](#Tab1){ref-type="table"} highlights these views. The first hypothesis is consistent with independent fusion of the individual vesicles, similar to what is expected for docked vesicles at the active zone of conventional synapses. The second hypothesis requires the rapid recruitment and fusion of non-docked ribbon-associated vesicles. As active vesicle transport seems too slow (*see* discussion in [@CR15]), different modes of exocytosis, such as compound and "piggy back" (cumulative) fusion, have been considered ([@CR57]; [@CR15]; [@CR76]). Functional evidence for multivesicular release at the hair cell ribbon synapse was first obtained by [@CR27]. Using direct post-synaptic recordings at rat afferent synapses, they observed large variations in the amplitude of kinetically quite homogeneous postsynaptic currents, as well as clear composite events characterized by multiple quanta ([@CR27]). Clearly, the exact presynaptic release mechanism of vesicle release is likely to have great impact on the transfer characteristics of the hair cell synapse and remains an extremely important problem for continued study.

This review cannot solve the debate over the anatomical basis of the hair cell fast exocytic component. However, we aim to fuel the on-going discussion with some selected comparisons of data complied from various studies and summarized in Table [1](#Tab1){ref-type="table"}. Any considerations of structure-function comparisons are complicated by the fact that the physiological pool size estimates obtained by different groups can vary substantially even for hair cells of the same species ([@CR15]; [@CR64], *see* discussion in Rutherford' paper). Moreover, the morphological vesicle counts or estimations vary dramatically in their degree of precision (from direct counts in electron microscopical 3-D reconstructions to approximations based on ribbon size, *see* Morphology section above and Table [1](#Tab1){ref-type="table"}). In addition, we need to remember that our capacitance-based approximations probably overestimate the number of vesicles due to underestimation of single-vesicle capacitances (due to the shrinkage during chemical fixation, *see above*). With these caveats in mind, studies on hair cells of the frog (work from the Roberts lab) and the mouse (work from the Moser lab) provide the most compelling structure-function correlations, in part because both the anatomy and physiology were carried out in the same laboratory. In each case, their observations support the hypothesis that for these particular hair cells RRP is defined by the fusion of docked vesicles (Table [1](#Tab1){ref-type="table"}). Correcting the conversion factor for shrinkage would tend to still improve the match between RRP size and docked vesicle number.

The question still lingers as to whether non-docked vesicles can be released rapidly at ribbon synapses. [@CR92], using evanescent wave microscopy of single FM1-43 stained vesicles in retinal bipolar nerve terminals, provide some of the most direct evidence addressing this question. They reported that the first component of exocytosis was dominated by "resident" (probably docked) vesicles at the hot-spots of exocytosis, whereas arrivals or "newcomers" contributed only marginally within the first milliseconds. This argues against a major contribution of non-docked, ribbon-associated vesicles. On the other hand, [@CR28] concluded from two-photon imaging of basolateral hot-spots of FM1-43 fluorescence that rapid exocytosis of non-docked vesicles does, indeed, occur at hair cell ribbon synapses. A certain degree of caution, however, is required in interpreting either of these studies, as the best resolution of an optical microscope (200 nm) is comparable to the size of most synaptic ribbons.

The apparent differences between the behavior of ribbon-tethered vesicles in these two types of ribbon synapses highlight the fact that it could be an oversimplification to assume that a common anatomical substrate underlies the first/fastest recorded kinetic component of hair cell exocytosis. The physical dimensions of hair cell active zones, shapes of synaptic ribbons, best stimulation frequency, and possibly endogenous calcium buffering vary dramatically across end organ, species and in some cases even within the same end organ of a given species. Thus, subsequent studies may reveal that different hair cells use different anatomical substrates for different functional pools of synaptic vesicles to meet their respective synaptic demands.

What about the Anatomical Substrate of Subsequent, Slower Kinetic Components of Exocytosis? {#Sec12}
===========================================================================================

Things are still more complicated for the further kinetic component(s) of exocytosis reported by capacitance measurements. Most studies concur that replenishment of readily releasable vesicles occurs at high rates, exceeding those of conventional synapses and even retinal ribbon synapses ([@CR53]; [@CR76]; [@CR15]; [@CR28]). However, whether the slow kinetic components of exocytosis simply represent the serial refilling of the readily releasable pool and or parallel exocytosis at "ectopic" fusion sites is debatable. [@CR70] proposed a purely serial and synaptic model to explain the three kinetic components of the depolarization-induced exocytic *C*~m~ changes in turtle hair cells. They inferred that the second component reflected exocytic turnover of the ribbon-associated vesicle population, while vesicle recruitment to the ribbon would become rate-limiting thereafter. Not surprisingly, a similar model was appropriate to describe destaining of FM1-43 hotspots and recovery of staining in the study of Griesinger and colleagues. However, these optical studies differ from the capacitance recordings in the turtle hair cell ([@CR70]), as they are spatially resolved and focus on membrane turnover at individual active zones.

Findings that argue for a significant contribution of ribbon-independent and at least in part parallel extrasynaptic exocytosis to sustained exocytic *C*~m~ changes include:Robust sustained exocytosis in hair cells that lack 90% of their synapse-anchored ribbons ([@CR38])Presence of docked synaptic vesicles at extrasynaptic stretches of the plasmamembrane ([@CR43], [@CR42])The extensive fast exocytosis during flash photollysis, which by far exceeds fusion of the readily releasable pool ([@CR4]), potentially arguing for the presence of many fusion-competent vesicles outside the active zone.

In addition, exocytosis of such "outlying" vesicles has been described in retinal bipolar nerve terminals by evanescent microscopy ([@CR92]). Hence, taken together, present evidence supports the interpretation that sustained hair cell exocytosis reported by *C*~m~ tracking represents both the serial re-supply of vesicles to the active zones and the parallel extrasynaptic turnover of synaptic vesicles. However, the quantitative contribution of the slow exocytic components to synaptically relevant neurotransmitter release remains to be determined.

Conclusion and Outlook {#Sec13}
======================

The multidisciplinary approach to the hair cell ribbon synapse has for the first time quantitatively described important aspects of the synapse's structure and function. Most importantly, despite all limiting uncertainty, we begin to relate molecules, structure and function. Although still debated, the concept of a readily releasable pool has been substantiated for the ribbon synapse of several hair cells. We have gained a few insights into the mechanisms underlying the incredible temporal precision of synapses that participate in the coding of sound. Moreover, in addition to learning about the molecular physiology, the availability of mouse mutants with defined synaptic lesions provided the possibility to study the properties of synaptopathic hearing impairment in greater detail. However, we are far from a comprehensive molecularly defined model of ribbon structure and function. The molecular dissection of the hair cell synapse is technically challenging due to the low amount of tissue and will require much more time and effort. Ear-specific genetic deletion also will be helpful to investigate synaptic protein function in hair cell sound coding. A more precise and direct biophysical analysis of single hair cell synapses will require combined pre- and postsynaptic recordings as well as optical measurements, such as evanescent wave microscopy and confocal techniques. The optical approach will be strongly facilitated by the generation of genetically targeted fluorescent vesicle tags.
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